Precipitation efficiency is the percentage of the total water vapor over an area that falls to the surface as measurable precipitation on an average day. This variable focuses attention on the dynamic mechanisms that produce different precipitation patterns in different areas. The concept of precipitation efficiency is discussed and its seasonal and annual values are mapped for several Canadian stations. Maximum seasonal values occur in winter for all of the country. National highs are found on the West Coast and along the St. Lawrence Lowland, a result of the cyclonic activity in these regions.
Introduction
The quantity of precipitation received by a station is controlled by three factors: 1 ) the amount of available water vapor in the air; 2) the initial degree of saturation represented by this vapor; and 3) the presence of dynamic mechanisms which provide the cooling necessary to produce saturation and cause the water vapor to condense and form droplets large enough to fall to the earth's surface. These three variables have been listed as important considerations in forecasting the quantity and location of precipitation as well as areas of large-scale overcast (Jenrette 1961 ; Ferguson, 1962) .
Precipitable water vapor is a measure of the total water vapor content of the air. It is the depth of liquid that would result if all the vapor above a particular point were condensed into a layer on the surface. Expressed as a depth this measure of atmospheric moisture may be readily compared with measured amounts of precipitation. Precipitable water vapor, like other measures of humidity, is controlled primarily by air temperature, elevation and effective distance from sources of evaporative moisture. The amount of available water vapor sets an upper limit on the amount of possible precipitation. Latent heat of condensation is a prime source of energy for storms and the amount of water vapor in the air provides one measure of the energy available for their development or maintenance. Although it has been used to help determine the maximum possible amount of precipitation in an area, in most cases total precipitable water vapor is only poorly correlated with actual recorded precipitation (e.g., Semonin, 1960) . Bruce ( 1964) in a study of this relationship for the Canadian Prairies found a significant relationship only during the summer season. The limits on which a column of air can rise means that all the precipitable water above a station could never be precipitated. For periods greater than a few hours the continual flow of moisture into an area can support rainfall totals exceeding the amount of moisture above the area at any given time. For regions of similar elevation and exposure to advected moisture precipitable water vapor is a rather stable property over wide areas when averaged over any one season (see for example : Reitan, 1960b , Bruce, 1964 Hay, 1970) . Precipitation, however, is highly variable. Most regional differences in precipitation are caused by variations in the initial degree of saturation of the air mass and the vertical motions needed to transform water vapor into measurable precipitation. Jenrette (1961 ) presented a method of forecasting large-scale areas of cloud formation and precipitation based on these two parameters. Bruce (1964) suggests that the efficiency of storm mechanisms in the fall, winter and spring are largely independent of atmospheric water vapor content leading to poor correlations between precipitable water and recorded precipitation over the Prairies. Dynamic mechanisms that initiate precipitation can vary widely in scale, from a large cyclone to a small convective storm. On a national scale they often appear to be strongly localized such as the orographic effects along the Coast Range or the preferred route of cyclonic storms along the St. Lawrence. The distribution of precipitable water vapor is much more uniform.
In summary, the precipitation received by a station is the result of a combination of factors. The quantity of available moisture is the enabling factor, dynamic mechanisms provide the causal process, and the degree of saturation controls how active the~e mechanisms must be to be effective.
Precipitation efficiency
Precipitation efficiency is the measure of the effectiveness of dynamic mechanisms in releasing the moisture in the air. It is defined as the percentage of the average precipitable water vapor that is released and falls to the surface as measurable precipitation on an average day: average precipitation per da Pefr ( % ) = average precipitable water valor 100.
Precipitation efficiency is usually averaged over a monthly or annual time period. Maps of this parameter reveal the areal patterns of the effects caused by dynamic mechanisms and degree of saturation on the recorded precipitation.
Monthly and annual maps of precipitable water vapor for Canada have been published by Hay (1971) and Tuller (1972) . Figs. 1-3 show the winter, summer and annual mean patterns determined by Tuller from upper air sounding data for a ten-year period. Saturated precipitable water shows a distribution pattern very similar to that of actual precipitable water vapor. The precipitable water relative humidity (w.R.H., degree of saturation of the total depth of the atmosphere involved in precipitation processes) showed only a small variation over the country for any one month when available upper-air data were used. This is especially truc of the winter season (January) when values for 20 stations ranged from 59% to 67% and ha: an average of 63%. The spring and fall seasons had the greatest variations, the range reaching 15 % . Some regional variations were seen, however, and these will be discussed here briefly to present the basis for the later discussion of precipitation efficiency. The yearly patterns of W.R.H. for four stations, representative of different regions of the country, are shown in Fig. 4 .
Most stations in Canada have a minimum W.R.H. in the spring with the exception of stations along the east coast (e.g., Stephenville) where w.R.H. is highly variable throughout the year. The West has a bimodal pattern with another pronounced low in the fall and maxima in summer and winter. Stations in the East (such as Trout Lake) and the North have a fall maximum. During the summer, W.R.H. values are higher in the northeastern portions of Canada and are lowest in the southwest where the drying influence of the Pacific sub-tropical high pressure cell is evident. During the winter the Pacific Coast has the highest relative humidities and the north-central interior regions form a pocket of somewhat lower values. In most cases, however, the gradients and variations in W.R.H. are not large, although exceptions are quite possible over the western mountain areas where data are not available.
The regional variations in the long-term mean monthly relative saturation of the air are small enough that the distribution pattern of P,ff can be thought of as resulting primarily from the relative effectiveness of dynamic mechanisms. A major value of the index of Peff is that it helps focus attention on the factors responsible for creating a particular precipitation regime throughout an area. Regions of low total precipitation and high efficiency are limited in their total precipitation by a shortage of available water vapor even though the mechanisms are present to facilitate its release. Areas with low totals and low efficiency are more limited by the ineffectiveness or absence of the dynamic mechanisms. High precipitation totals and high efficiency mean that the dynamic mechanisms are active in releasing the abundant vapor in the air. High totals and low efficiency emphasize that even though precipitation is abundant there is a great deal of moisture in the air that is not being utilized.
The use of Peff in conjunction with the usual precipitation totals helps provide a better understanding of the processes involved in producing the observed precipitation distributions. Since the patterns of seasonal and annual precipitation in Canada are well known this report presents the corresponding patterns of Perf. "Seasonal" and annual maps are included and a brief discussion of each pattern is given in simplified terms.
Methodology
Monthly and annual precipitation efficiencies were computed for 73 stations in Canada using Eq. vapor were taken from a study by Tuller (1972) . In addition, precipitable water data published by Reitan (1960a) for 10 U.S. stations near the Canadian border were used. One station, Barter Island, Alaska, was incorporated using Tuller's (1972) precipitable water data, and data for another, Yakutat, was taken from an earlier study by Tuller ( 197 1 ) . Station locations are shown in Fig. 5 .
Precipitation is an element that can vary greatly from station to station as a result of local siting and exposure factors. Although efforts are made to the contrary, the reported precipitation is often strictly representative only of a very small local area. This is especially true in the mountainous West. For this reason a dot pattern was used to represent Peff at each station rather than attempt to draw isolines through areas of pronounced climatic discontinuities. A graduated scale of dot size was employed with larger dots representing greater precipitation efficiency. The resulting pattern is sufficient to illustrate the regional variations and relative values of the index without creating an unwarranted impression of accuracy. To interpret this index the problems involved in the accurate measurement of precipitation itself should be kept in mind. Any errors in the published precipitation data will carry over into the Peii index. Likewise the short period of record for the upper air data used in computing precipitable water vapor may produce some variation in these results.
Seven categories of Peff are used: 0-4%, 5-9%, 10-14%, 15-24%, 25-44%, 45-74%, and over75%. These are sufficient to emphasize the areas of high and low efficiency and illustrate the regional differences between the majority of stations clustered at the low end of the scale. Figures 6, 8, 10 and 12 present the seasonal march of the pattern of Perf in Canada. In general, the efficiency decreases from south to north and from the coasts toward the interior of the continent.
Results
a Winter Precipitation efficiency reaches its seasonal peak in the winter when cyclonic storms dominate the weather patterns. January (Fig. 6) represents the winter months, December, January and February. Fig. 7 shows a compilation of winter storm tracks taken from Klein (1957) , the interquartile range of the position of the Arctic front in January (Barry, 1967) and zones of confluence determined from streamline analysis by Bryson (1966) . Frontal zones and storm tracks are widely spread over the country and well developed during the winter season producing rather high efficiency indices throughout Canada with the exception of the high Arctic.
Two areas of maximum efficiency are dominant in the winter. Along the Pacific Coast orographic effects and the proximity to a consistent source of moisture contribute to the high values. The Gulf of St. Lawrence, lies along the preferred track of cyclonic storms through eastern Canada.
Lowest values in the southern part of the country are found in Saskatchewan. The distinct dry zone in the southern Prairies was formally recognized as long ago as the late 1850's in the reports of John Palliser. A more recent examination of this "Canadian Dry Belt" by Villimow (1956) reduced the areal extent of the actual dry belt to a region in southwestern Saskatchewan and southeastern Alberta. The dry zone experiences considerably fewer cyclonic storm passages than areas north or south, and is a region of subsidence and horizontal divergence. Although the station network in the current study is not dense enough to reveal the outlines of Villimow's dry belt the lack of dynamic mechanisms is corroborated by the low values of precipitation efficiency for Kindersley, Saskatchewan, during all seasons of the year.
b Spring
In the spring (March-May) Perf values decline throughout the country (Fig.  8 ) , especially along the West Coast and in the St. Lawrence region accompanying the slow northward movement of the Pacific sub-tropical high pressure cell and the decrease in cyclonic activity, respectively. These two regions, however, still maintain the highest efficiencies in Canada. Frontal zones, particularly the Arctic front, move northward (Fig. 9) . The interior valleys of British Columbia have particularly low efficiencies in this season. Late spring is also the time of the annual low for most stations in the North. c Summer There is a rather uniform pattern of Peff throughout the country in summer (June-August). Values are lower than in the spring, averaging about 8% to 12% in July (Fig. 10) . A comparison of Figs. 10 and 11 illustrates very well that most stations with higher Perf are located near mean storm tracks or the frontal and confluence zones. The ability of precipitation efficiency to focus attention on the dynamic mechanisms responsible for creating precipitation, means that this index could provide an additional method of locating mean storm tracks or frontal zones over regions of uniform relief.
Although summer is the time of maximum precipitation in the North, Perf is low. Increased precipitation results from greater vapor content associated with warmer air, more immediate sources of evaporation and inflow of moist air from adjacent water bodies.
The British Columbia valleys partake of the general west coast pattern of protection offered by the sub-tropical high pressure cell. They are further protected by the leeward location with respect to the mountain ranges that parallel the coast. Another example is Sandspit in the lee of the Queen Charlotte Islands.
The region of highest summer efficiency is the East, especially Quebec and the Maritimes. Unstable (mT) air masses, which are very warm and humid in their surface layers, along with surface heating, land-sea temperature contrasts and available storm tracks all contribute to the higher efficiencies in this region.
d Fall
Fall Perf (Fig. 12) rapidly increases along the West Coast as the sub-tropical high pressure cell withdraws to the south and more cyclonic storms affect the coast. The south-north gradient in Perf which is quite clear during the other seasons is somewhat reversed during the fall. West of Hudson Bay the highest efficiencies are located in the North along the most frequent storm paths and the Arctic front (Fig. 13) . By December the winter pattern is again well developed.
e Semonal Trends
Stations in different regions of the country show different seasonal regimes of Perf. Patterns for four typical stations, (Fig. 14) illustrate the ideas discussed previously. West Coast stations (Quillayute) show a pronounced winter peak. The summer minimum is associated with the presence of the Pacific subtropical high pressure cell. East Coast stations (Stephenville) have a similar pattern but orographic effects are lacking and late summer convective activity is better developed. The annual range, therefore, is lower than that found on the West Coast. The Prairie curve (Edmonton) is bimodal with summer convective storms and winter cyclones producing equal efficiencies. The North (Baker Lake) has low Peif values throughout the year. The minimum is in the late spring, the season of highest mean air pressure for northern regions. The autumn is warmer with a more unstable atmosphere.
Summary and conclusions
The index of precipitation efficiency is a useful supplement to standard precipitation maps to help focus attention on the efficiency of dynamic precipitation mechanisms in an area, and illustrate the relative importance of available moisture and these mechanisms in producing the observed precipitation pattern. In effect the influence of atmospheric water vapor content is removed. Many areas such as the North and East have highest precipitation totals during the summer but highest efficiencies during the winter. This illustrates the effect that low available moisture has on limiting the winter precipitation. On the West Coast, however, both the precipitation totals and efficiency follow the same seasonal pattern. Low precipitation can result from either a lack of moisture, want of precipitation mechanism, or both. Cloud seeding is one method of increasing the efficiency of the dynamic mechanisms. It would have little additional effect if most of the available moisture was already being converted to precipitation. Fig. 15 shows the annual Peff for Canada and illustrates the major distributional patterns seen during individual seasons. The West Coast has the national high followed by the St. Lawrence-Maritimes region. Cyclonic activity is the major source of precipitation. In most cases the pattern of Pelf shows a good correlation with mean storm tracks and frontal zones. Orographic effects are well illustrated on the West Coast. Lower values are found in the interior of the country and in the North mainly because of remoteness from continuous moisture sources, lack of orographic effects, and the relatively large distances from cyclone tracks.
Sellers (1965) reported the average value of annual Peff for the world to be 12%. Franceschini (1968) obtained 11% for the United States. The present study gives values for all of Canada except the North above these figures. This is especially true in the East and West. Canada, therefore, is better endowed than many countries with an effective system of dynamic mechanisms that are efficient converters of available water vapor into measurable precipitation.
